Purpose: To explore the applicability of multifocal visual evoked potentials (mfVEPs) for research and clinical diagnosis in patients with optic disc drusen (ODD). This is the first assessment of mfVEP amplitude in patients with ODD. Methods: MfVEP amplitude and latency from 33 patients with ODD and 22 control subjects were examined. Mean amplitude, mean inner ring (IR) amplitude (0.87-5.67°of visual field) and mean outer ring amplitude (5.68-24°o f visual field) were calculated using signal-to-noise ratio (SNR) and peak-topeak analysis. Monocular latency was calculated using second peak analysis, while latency asymmetry was calculated using cross-correlation analysis. Results: Compared to normals, significantly decreased mean overall amplitude (p < 0.001), IR amplitude (p < 0.001) and outer ring amplitude (p < 0.001) were found in ODD patients when using SNR. An overall monocular latency delay of 7 ms was seen in ODD patients (p = 0.001). A significant correlation between amplitude and automated perimetric mean deviation as well as retinal nerve fibre layer thickness was found (respectively, p < 0.001 and p = 0.003). The overall highest correlation was found in this order: outer ring, full eye and IR. In the control group, SNR intersubject variability was 17.6% and second peak latency intersubject variability was 2.8%. Conclusion: Decreased mfVEP amplitude in patients with ODD suggests a direct mechanical compression of the optic nerve axons. Our results suggest that mfVEP amplitude is applicable for the assessment of optic nerve dysfunction in patients with ODD.
Introduction
Optic disc drusen (ODD) are deposits of extruded axonal material in the optic nerve head found in 0.34-3.7% of the population (Lorentzen 1966; Tso 1981; Antcliff & Spalton 1999) . Up to 87% of ODD patients seen in outpatient clinics have visual field defects (Lorentzen 1966; Malmqvist et al. 2016b ). Optic nerve dysfunction in patients with ODD has normally been quantified using automated perimetry or visual evoked potentials (VEP). The VEP represents the overall sum of potentials generated by visual inputs. Small localized defects often seen in patients with ODD are therefore obscured (Grippo et al. 2009 ). This might be the reason of conflicting VEP results in ODD patients. Some studies have found P-100 latency prolongation or amplitude decrease (Bishara & Feinsod 1980; Mustonen et al. 1980; Stevens & Newman 1981; Scholl et al. 1992) , while others have found no changes in latency and amplitude (Brudet-Wickel et al. 1981; Grippo et al. 2009 ).
The multifocal visual evoked potential (mfVEP) represents local responses from multiple visual inputs providing spatial information more sensitive to localized defects . Baseler et al. (1994) and subsequent studies (Klistorner et al. 1998; Grippo et al. 2006; Yang et al. 2007 ) have shown that mfVEPs can overcome most of the limitations of conventional VEPs, allowing simultaneous recording of local responses from many regions of the visual field with high spatial resolution. As an example of this advantage, the mfVEP technique has been shown to be more sensitive than standard automated perimetry when used to detect early visual field defects in multiple sclerosis (Klistorner et al. 2008 (Klistorner et al. , 2013 . The large intersubject variability, especially in amplitude, has, however, limited the applicability of mfVEP (Klistorner & Graham 1999 , 2001 .
Axons arising from the ganglion cells in the retina are unmyelinated passing through the retina, optic nerve head and lamina cribrosa. This makes the retina transparent for light moving towards the photoreceptors located in the outer retina. Myelination occurs in the intra-orbital portion of the optic nerve making this part of the nerve sensitive to demyelinating disease. Multifocal visual evoked potential (mfVEP) latency delays directly reflect demyelination, while decreased mfVEP amplitude reflects the following axonal loss or conduction block (Alshowaeir et al. 2015) . Demyelination does not play a direct role in the pathophysiology of ODD as ODD are located in the unmyelinated part of the optic nerve, anterior to lamina cribrosa. For this reason, due to direct mechanical compression of the axons, we suspected optic nerve dysfunction caused by ODD to affect mainly mfVEP amplitude.
In this study, we aimed to find significant differences between ODD and control subjects in amplitude and latencies computed from mfVEP recordings. The reluctance to report mfVEP amplitude is in most studies due to the high intra-and intersubject variability (Klistorner & Graham 2001) . Several measures to diminish the variability such as interocular comparison (Hood et al. 2000) , EEG-based scaling (Klistorner & Graham 2001) , selection of best channels (Zhang et al. 2002) and choice of data analysis method (De Santiago et al. 2016; Malmqvist et al. 2016a ) have, however, evolved the mfVEP amplitude to be more useful in the evaluation of optic nerve function.
To the best of our knowledge, no previous studies have investigated the use of mfVEP amplitude as a tool to assess optic nerve function in patients with ODD. Hence, the aim of this study was to explore the applicability of mfVEP amplitude and latency for research and clinical diagnosis in patients with ODD.
Patients and Methods
The study was a case-control study approved by the Scientific Ethics Committee of the Capital Region, Denmark (H-4-2013-040 The control group included 22 control subjects (59% females) with a median age of 30 years (range 25-64 years). Normative data from control group subjects were either collected as part of a previous study investigating different methods of mfVEP data analysis (Malmqvist et al. 2016a,b) or included specifically for the purpose of this study. Examination by slit-lamp biomicroscopy and/or optical coherence tomography ensured that no control subjects had diseases that could affect optic nerve function. All control subjects had a BCVA of 1.0 or more. Informed consent was obtained from the subjects after explanation of the nature and possible consequences of the study. All procedures adhered to the tenets of Declaration of Helsinki.
Data acquisition
Recording and analysis of mfVEP data for patients and control subjects were performed as previously described (Klistorner & Graham 2001) . Briefly, subjects were stimulated with a screen (22-in. high-resolution LCD display; Hitachi, Tokyo, Japan; brightness 90% and contrast 65%) containing a cortically scaled 56-segment dartboard pattern with 16 checks alternating between black and white in each segment.
Subjects were tested non-dilated and with optimal refraction with a viewing distance of 30 cm from the screen. Subject co-operation to maintain focus was assessed with a subject fixation area of the central 1°of the screen containing arrows to which the subjects with a game controller could respond on.
A horizontal (H) and vertical (V) channels were obtained using a ground ear electrode and four gold cup electrodes positioned in a cross (one 2.5 cm above inion, one 4.5 cm below inion, one 4 cm left of inion, and one 4 cm right of the inion). For the V channel, the reference was the lower electrode. For the H channel, the reference was the right electrode.
The mfVEP was recorded using VisionSearch1 (VisionSearch, Sydney, Australia) with a data sampling rate of 600 Hz and a recording length of 832 ms. The integrated software (TER-RA TM software, ver.1.6, VisionSearch, Sydney, Australia) obtained mfVEP responses by correlating visual stimuli with recorded electrical potentials.
Data analysis
Recordings from both channels were exported for further analysis in Excel (EXCEL, ver. 15.0, Microsoft, Redmond, WA, USA). Peak-to-peak (P2P), signal-to-noise ratio (SNR), monocular latency (second peak) and cross-correlation analysis were computed in MATLAB (R2012, The MathWorks Inc., Natick, MA, USA). Asymmetry (interocular) analysis was performed using cross-correlation analysis.
Amplitude
The SNR, signal window and noise window were the same as those used by Zhang et al. (2002) . Briefly, the SNR of each waveform was calculated as SNR = [RMS (40-150 ms)]/mean [RMS (325-430 ms)], where RMS (40-150 ms) was the root-mean-square amplitude of the waveform in an interval of 40-150 ms. The mean RMS (325-430 ms) was the average RMS amplitude of all 56 waveforms in the interval of 325-430 ms.
Peak-to-peak was computed as the difference between the maximum and minimum within the interval of 0-215 ms. All the calculations were performed using the channel (H or V) with the highest SNR or P2P (according to the case) in each segment of the visual field.
As a performance measurement of each parameter, intersubject coefficient of variability (CV) was calculated as standard deviation/mean for the control group.
The visual field was analysed in three zones: full visual field (FV) and two concentric rings according to eccentricity: inner ring (IR; from 0.87°to 5.67°radius, average from segment 1 to 20) and outer ring (OR; from 5.68°to 24°radius, average from segment 21 to 56; Fig. 1 ).
Latency
Monocular latency was quantified by first selecting the mfVEP trace channel (H or V) with the largest P2P amplitude in the interval (70-210 ms) and was thereafter computed by a set of algorithms that identified the second highest peak of the waveform measuring the moment of time it presented (Sriram et al. 2012) . Interocular latencies were computed by cross-correlation between the best SNR channel of right and left eye (de Santiago et al. 2015) .
Comparison
Differences in mfVEP amplitude and latency between control subjects and ODD patients were examined. Different parameters to quantify optic nerve dysfunction were correlated with mfVEP amplitude and latency. These parameters were BCVA, Humphrey visual field mean deviation (MD) and retinal nerve fibre layer (RNFL) thickness from OCT. Further, a correlation between intra-ocular pressure (IOP) and mfVEP parameters was examined.
Statistical analysis
In the control group, only the right eye was used to avoid statistical correlation bias. In the ODD group, the worst affected eye, that is the eye with highest MD on automated perimetry, was used. Data that were not normally distributed were log-transformed. Independent t-test comparisons between groups were performed in P2P, SNR and latency variables. Asymmetry differences between groups were tested with independent t-test. Nonparametric analysis (Wilcoxon signed-rank test) was used if transformation did not yield a normal distribution. Median and 25% and 75% percentiles were use to describe data when using nonparametric analysis. Adjustment for multiple testing was performed using HolmBonferroni method. The relationships between mfVEP amplitude and latency, and parameters to quantify optic nerve dysfunction were studied using the Spearman correlation coefficient (rho). SAS (version 9.1, SAS Institute, Cary, NC, USA) was used for statistical analysis. The predetermined level of statistical significance for the comparisons was p ≤ 0.05.
Results

Amplitude
Full visual field mean P2P amplitude was 171 nV (95% CI 142.9-199.2 nV) in ODD patients and 195 nV (95% CI 162.1-227.9) in normals. No significant difference was found between the two groups. When looking at the IR (segment 1-20; 0.87-5.67
• ), the mean P2P amplitude was 150 nV (95% CI 130.1-169.8) in ODD patients and 195.5 nV (95% CI 173.6-217.4 nV) in normals (p = 0.003). When looking at the outer ring (segment 20-56; 5.68-24
• ), the mean P2P amplitude was 121 nV (95% CI 106-136) in ODD patients and 166.8 nV (95% CI 152.1-181.5 nV) in normals (p < 0.001; Table 1 ).
Overall mean SNR amplitude was 3.7 (95% CI 3.4-4.1) in ODD patients and 4.8 (95% CI 4.4-5.2) in normals (p < 0.001). Mean SNR was 4.0 (95% CI 3.6-4.5) in ODD patients and 5.1 (95% CI 4.6-5.6) in normals when looking at the IR (p = 0.003). Mean SNR was 3.6 (95% CI 3.2-3.9 in ODD patients and 4.6 (95% CI 4.3-5.0) in normals when looking at the outer ring (p < 0.001; Table 1 ). There was no significant difference in interocular amplitude difference (amplitude asymmetry) between ODD patients and normals using both SNR and P2P Comparison of ring-segmented peak-to-peak and signal-to-noise ratio amplitude between control subjects and ODD patients. nV = nanovolt, ODD = optic disc drusen, FV = full visual field, IR = inner ring (from 0.87 to 5.67°radius), OR = outer ring (from 5.68 to 24°radius). * Adjusted significant difference (p < 0.05) between the two groups.
methods. Examples of mfVEP recordings from a control subject and a patient with ODD are shown in Fig. 2 . When compared to the control subject, smaller amplitude in the ODD patient was clearly seen in especially the outer ring.
Correlations of parameters to quantify optic nerve dysfunction and mfVEP amplitude are seen in Table 2 . Significant but moderate correlation was found for FV, IR and outer ring between MD and amplitude and RNFL and amplitude. No correlations were found between BCVA and amplitude and between IOP and amplitude. Higher correlation was found using P2P than SNR. According to the topographic study, the overall highest correlation was found in this order: outer ring, full eye and IR. Latency A significant overall second peak monocular latency delay was found in ODD patients (160 ms, 95% CI 153-167 ms) when compared to normals (153 ms, 95% CI 151-156 ms; p = 0.001). Outer ring monocular latency difference between the two groups was highly significant as well (p < 0.001; Table 3 ). When looking at interocular latency difference (latency asymmetry), the FV and the IR analysis presented a significantly larger latency difference between the eyes of ODD patients (p = 0.048 and p = 0.008; Table 3 ).
Variability amplitude latency
Signal-to-noise ratio intersubject CV was 17.6%, P2P intersubject CV was 38.1%, and second peak latency intersubject CV was 2.8% (FV data). When segmented by rings, the IRs had a larger intersubject variability for both SNR amplitude and latency (23% and 3.7%, respectively). Signal-to-noise ratio amplitude asymmetry CV was lower than P2P amplitude asymmetry CV and latency asymmetry CV (61.1%, 85.2% and 69.9%, respectively).
Discussion
In the present study, we have demonstrated that it is possible to detect ODD-induced damage of the visual pathways using mfVEP.
We found a significantly decreased overall, IR and outer ring SNR amplitude in OOD patients when compared to control subjects. As ODD are located anteriorly to lamina cribrosa before the myelination of nerve fibres begins, we expected mainly decreased amplitude values due to the mechanical compression of the axons. Unlike the IR and outer ring analysis, overall P2P amplitude was, however, not significantly different between the groups. A considerable overlap in confidence limits; that is, a high intersubject variability is probably the reason for this result. As SNR is derived from signal and noise window amplitude, variation due to background noise is decreased (Zhang et al. 2002) . The method thereby enabled us to better discriminate between the two groups. Our results from the P2P amplitude analysis further showed that segmenting the visual field in different segments proved useful to discriminate between ODD patients and control subjects. Localized ganglion cell defects could be obscured if data from the FV were used. Segmenting the visual field in areas (rings, quadrants, etc.) had the ability to uncover these defects. We found more significant differences between ODD patients and control subjects in the outer ring analysis. This is consistent with a wider variation of amplitude and waveform in the central degrees of vision previously reported (Hood & Greenstein 2003) . The intersubject amplitude variability of 17% is similar Ring-segmented mfVEP amplitude and latency correlated with different parameters of optic nerve dysfunction. MD = mean deviation by automated perimetry, IOP = intra-ocular pressure, RNFL = retinal nerve fibre layer thickness, mfVEP = multifocal visual evoked potential, FV = full visual field, IR = inner ring (from 0.87 to 5.67°radius), OR = outer ring (from 5.68 to 24°radius). * Unadjusted significant (p < 0.05).
to the results reported by Klistorner et al. (Klistorner & Graham 2001) . As expected, the intersubject variability of the IR amplitude was higher (23%). Only a single study assessing ODD patients using mfVEP has to our knowledge been published (Grippo et al. 2009 ). The study by Grippo et al., however, only measured mfVEP latency but not amplitude. Similar to that study, we found a significant overall latency delay in the ODD group. Similar to the amplitude results, we found significant differences between the groups in the outer ring analysis when segmenting the response in rings. Again, this is consistent with a larger CV in the IR.
We found no differences in amplitude asymmetry in our patients. Interocular comparison of mfVEP has been reported useful to reflect local monocular optic nerve and ganglion cell damage (Hood et al. 2000) . In this study, all but three patients had bilateral ODD, which together with high variability could explain why no amplitude asymmetry was found. The significant difference in overall and outer ring latency asymmetry emphasizes the lower variability in latency and the strength of outer ring analysis.
Correlating MD and RNFL with mfVEP amplitude (SNR, P2P) showed significant results from IR, outer ring and full eye, but in general, a higher correlation coefficient was seen for the outer ring probably due to less variability in these segments. As uncomplicated ODD has never been reported to affect visual acuity significantly, no correlation between BCVA and amplitude was expected.
The limitations of this study were the differences in age, gender and ethnicity between the ODD and control group. Only a minor difference in age was seen between the two groups in this study, and age has previously been shown to have no effect on mfVEP (Fortune et al. 2004) . When it comes to gender, a study by Klistorner et al. found a significantly increased mfVEP amplitude in females compared to males that diminished after EEG-based scaling (Klistorner & Graham 2001) . Despite this potential gender-caused increase in SNR due to more females in the ODD group, we still found a significantly lower SNR in the ODD group, which only supports our conclusions. Further, EEG-based scaling was automatically performed in the software; hence, no significant effect due to gender was expected. The racial distribution was different between the ODD and control group, with only Caucasian people in the ODD group and a mix of Caucasian and Asian people in the control group. Even though differences in anatomical landmarks have been found between Asian and Caucasian people (Ishikawa et al. 2011) , no studies have to our knowledge found significant differences in mfVEP amplitude dependent on race (Fortune et al. 2004) .
In summary, significantly decreased mfVEP amplitudes and latency delays as a result of optic nerve damage in ODD patients were found. Outer ring analysis proved especially useful to uncover optic nerve dysfunction in ODD patients. Latency delays have previously been found in ODD patients, while amplitude due to large intersubject variability has not been assessed. The results of this study suggest that amplitude is just as applicable as latency for evaluation of optic nerve function in ODD patients. It might even be the preferred method of choice as more techniques to decrease amplitude variability are developed. Comparison of ring-segmented monocular and interocular latency between control subjects and ODD patients. All variables are compared nonparametrically and presented in median and 25% and 75% percentiles due to skewed distribution. ms = milliseconds, ODD = optic disc drusen, FV = full visual field, IR = inner ring (from 0.87 to 5.67°radius), OR = outer ring (from 5.68 to 24°radius), Mono = monocular, Inter = interocular. * Adjusted significant difference (p < 0.05) between the two groups.
